The nucleophilic Michael addition of nitroform with acrylamide creates a variety of energetic products.
Introduction
The trinitromethane (nitroform) unit is an important building block in the chemistry of high-energy materials, especially in the field of high-energy dense oxidizers (HEDOs). 1 This trinitromethane unit can easily be introduced by a nucleophilic addition on electron deficient α,β-unsaturated starting materials. The so-called Michael addition is one of the most important carbon-carbon bond forming reactions in synthetic organic chemistry. Michael donors are substrates with acidic protons which therefore are capable of forming carbanions. This includes anions from nitroform, fluorodinitromethane, primary nitroalkanes, and secondary nitroalkanes. 2 The electron deficient alkene in this nucleophilic addition is called the Michael acceptor and includes a wide range of α,β-unsaturated ketones, aldehydes, carboxylic acids, esters, amides and cyanides. 3 One such example is reported in the nucleophilic addition of some polynitroalkanes to acrolein oxime. 4 In this contribution nitroform and the readily available acrylamide are used to build several new oxygen-rich molecules as well as energetic salts containing the (NO 2 ) 3 CCH 2 CH 2 NH 3 -cation.
Results and discussion

Synthesis
Earlier investigations showed, that with tetranitromethane and various acrylamides, mostly mixtures of 3-nitroisoxazoles and Michael addition products were formed. 5 However, the reaction of acrylamide with nitroform resulted exclusively in the formation of the Michael addition product 4,4,4-trinitrobutanamide (1) . A similar synthesis of 1 has been reported earlier. 6 However, in the herein presented advanced synthesis 1 was obtained without the use of further chemicals, as mentioned in literature procedures from readily available chemicals (Scheme 1). 6a,7 A further advantage is the faster conversion without heating, as well as increased yields from 63% to 97%. Due to the almost quantitative conversion of acrylamide, pure 1 without further purification was obtained. The acid 4,4,4-trinitrobutanoic acid (2) was prepared by hydrolysis of the amide 1 in aqueous concentrated hydrochloric acid. The crude material was recrystallized from chloroform to obtain a pure product in 80% yield. Due to their straightforward synthesis with high yields compounds 1 and 2 are excellent starting materials for various compounds containing the trinitromethyl moiety. 8 The acid 2 was converted to the corresponding carbonyl chloride by refluxing in excess thionyl chloride (Method A). The reaction time should be longer than 20 hours to ensure complete conversion to the acid chloride and to prevent the formation of the acid anhydride. 9 4,4,4-Trinitrobutanoyl chloride (3) was isolated in 88%
yield. A more convenient synthesis for the carbonyl chloride 3 is the conversion of acid 2 with a stoichiometric amount of oxalyl chloride and DMF as catalyst (Method B). Compound 3 was obtained in 96% yield while the reaction time was reduced to 4 h. Reaction of compound 3 with sodium azide at ambient temperature yielded the carbonyl azide 4,4,4-trinitrobutanoyl azide (4) . To obtain the azide 4 as pure colourless solid, the reaction temperature has to be kept below 30°C during the whole synthesis and work-up procedure. Due to its high sensitivity, extreme care is required when working with this compound. Heating the azide 4 in an organic inert solvent causes the conversion to 1,1,1-trinitropropan-3-isocyanate (5) via a Curtius rearrangement. A much safer way for the synthesis of 5 is the subsequent in situ conversion of 4 to the isocyanate 5 without isolation of the very sensitive azide 4. The isocyanate 5 is a useful precursor for the synthesis of several energetic carbamates, ureas, amines and salts. [8] [9] [10] The chloride and nitrate salts 6a and 6b of the 3,3,3-trinitropropyl-1-ammonium cation were obtained by controlled hydrolysis of 5 in diluted mineral acid (Scheme 2). 11 The perchlorate, dinitramide and 5,5′-azobistetrazolate salts 6c-e were synthesized by metathesis of the chloride salt 6a with the corresponding silver and potassium salts, respectively (Scheme 2). The salt formation of 6 proceeds in high yields around 90%. The nitrate salt 6b, perchlorate salt 6c and dinitramide salt 6d are air and moisture stable and exhibit high positive oxygen balances Ω CO of +15.6% (6b), +21.7% (6c), and +20.7% (6d). An interesting combination of Michael addition with Mannich condensation is the one-pot reaction of acrylamide (1 eq.), nitroform (2 eq.) and formaldehylde (1 eq.) to give 4,4,4-trinitro-N-(2,2,2-trinitroethyl)butanamide (7) (Scheme 3).
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An oxygen rich molecule was also prepared by the esterification of the amide 1 with the alcohol 2,2,2-trinitroethanol. The reaction was performed in oleum (30% SO 3 ) as strong dehydrating agent. 13 After recrystallization from water/methanol the ester 2,2,2-trinitroethyl-4,4,4-trinitrobutanoate (8) was obtained as pure colourless solid (Scheme 4).
Multinuclear NMR spectroscopy
All compounds were thoroughly characterized by 1 H, 13 C and 14 N NMR spectroscopy. In the 1 H NMR spectra the two neighboring CH 2 groups are within the range of 3.90 to 2.52 ppm. The methylene unit next to the trinitromethyl moiety is mostly shifted to higher field compared to the CH 2 groups next to a nitrogen or oxygen atom. The vicinal coupling constants of the hydrogen atoms in the ethylene group are not equivalent due to the rotation around the C-C bond, which causes an AA′XX′ spin system. 14 The resonances of the CH 2 moiety of the trinitroethyl group is observed at lower field (4.96 ppm (7) and 5.20 ppm (8) 
Single crystal structure analysis
Single crystals suitable for X-ray diffraction measurements were obtained by crystallization at ambient temperature from water (1, 2, 6a, 6b, and 6d), from neat material (4) or from chloroform (8) . A full list of the crystallographic refinement parameters and structure data can be found in the ESI. ‡ The amide 1 crystallizes in the triclinic space group P1 with one molecule as asymmetric unit. The density is 1.835 g cm −3 and the molecular structure is shown in Fig. 1 . The geometry of the structure has some very typical features of trinitromethyl compounds.
1b,c,8 The C-N bond lengths in the trinitromethyl moiety are in the range of 1.54 Å, which is significantly longer than a regular C-N bond (1.47 Å) and results from steric repulsion of the proportionally large nitro groups. 1c As expected, the amide unit is nearly planar and shows a shortened C-N bond. The acid 2 crystallizes in the monoclinic space group P2 1 /n and is shown in Fig. 2 . The quite low density of 1.720 g cm −3 can be explained by the strong hydrogen bonds which are formed between two carboxyl moieties with a donor acceptor distance of 2.632 Å (O8-H8⋯O7) and a donor acceptor angle of 176.5°(O8-H8⋯O7). 15 In this structure another characteristic structure feature, the propeller-like arrangement of the trinitromethyl group can be observed. The three nitro groups are organized around the carbon in a propeller-like geometry to optimize the non-bonded N⋯O intramolecular attractions (N2⋯O2, O5⋯N1, N3⋯O4). This results in an intramolecular interaction between the partial positive charged nitrogen and the negative charged oxygen in the nitro group. These N⋯O attractions are found with distances in the range of 2.55 Å, which are much shorter than the sum of the van der Waals radii of nitrogen and oxygen (3.07 Å).
1c,16
The carbonyl azide 4 crystallizes in the triclinic space group P1 with one molecule as an asymmetric unit and shows the propeller-like geometry of the trinitromethyl group. The molecular structure is shown in Fig. 3 . The azide, the carbonyl and the carbon backbone inclusively, shows a nearly planar arrangement which is shown by the torsion angle of 1.2(2)°( N5-N4-C4-O7). Typical for carbonyl azides is the slight bending of the azide moiety with an angle of 174.2°. The N4-N5 and N5-N6 bond lengths (1.273(3) and 1.121(3) Å, respectively) are comparable with those in other carbonyl azides.
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The chloride salt 6a crystallizes as a monohydrate in the triclinic space group P1 and a density of 1.733 g cm −3 . The asymmetric unit is shown in Fig. 4 . The conformation of the C1, C2, C3 and N4 atoms is almost perfectly staggered. The extended structure involves secondary interactions in terms of classical intermolecular N-H⋯O hydrogen bonds and unusual so-called non-classical hydrogen bonds of the type C-H⋯O; the majority of those can be classified as quite strong. 15 The nitrate salt 6b crystallizes in the orthorhombic space group P2 1 2 1 2 1 with a density of 1.804 g cm −3 . The asymmetric unit consists of one anion and cation and is illustrated in Fig. 5 . The protonated form of the 3,3,3-trinitropropyl-1-amine shows the same structure characteristics as the hydrochloric salt 6a.
The molecular structure of the dinitramide salt 6d is shown in Fig. 6 . Compound 6d crystallizes in the monoclinic space group P1 with two anions and two cations as asymmetric unit and a density of 1.872 g cm −3 . The 3,3,3-trinitropropyl-1-ammonium cation shows similar structural features as the ionic structures discussed before. The nitro groups of the dinitramide moiety are slightly twisted out of plane with torsion angles about 20°. The N-N bond lengths with an average distance of 1.37 Å are also slightly shorter than common N-N single bonds.
The ester 8 crystallizes in the monoclinic space group P2 1 /n with four formula units per unit cell. The asymmetric unit consists of one molecule and is displayed in Fig. 7 . The average of the N-O and C-NO 2 bond lengths of the trinitromethyl units are all in the same range of 1.21 Å in N-O and 1.52 Å in C-NO 2 whereas no distinction between the ethyl and propyl moiety is visible. Also both trinitromethyl groups show independently the propeller-like orientation of the nitro groups. Also the carbon-carbon bonds are virtually identical within a range of 1.50 to 1.52 Å. Although no classical hydrogen bonds are found in the crystal structure a high density of 1.869 g cm −3 was observed. However, non-classical hydrogen bonds of the type C-H⋯O are detected, whereas the majority is classified as quite strong. 15 Thermal stabilities and energetic properties Compounds 1, 2, 6a-e, 7, and 8 are stable when exposed to air and moisture. The azide 4 has to be handled very carefully, owning to its high sensitivity towards heat. All manipulations of the isocyanate 5 must be carried out with strict exclusion of moisture. Furthermore it should be stored frozen and is not longtime stable, due to rapid polymerization. The thermal stabilities of all compounds were investigated by performing various DSC measurements with a heating rate of 5°C min −1 .
The temperatures at which melting and decomposition occurred, are shown in Table 1 together with other physical properties. A remarkably high decomposition point of 178°C was observed for compound 6a, likely owing to its stability to form strong hydrogen bonds through the salt structure. Moreover, compounds 7 and 8 (both 155°C) showed satisfying decomposition points for potential applications as highenergy dense oxidizers based on CHNO compounds. The sensitivities of compounds 2-8 towards impact, friction, and electrostatic discharge were experimentally determined according to the NATO Standardization Agreements; 18 the results are displayed in Table 1 . All compounds, with exception of the azide 4, the dinitramide salt 6d, and the 5,5′-azobistetrazolate salt 6e showed moderate impact and friction sensitivities. 
Dalton Transactions Paper
This For The specific impulses I sp of compounds 1, 2, 4, and 6-8 were calculated for the neat compounds, for compositions with different amounts of aluminum as fuel, and additional with binder and are also listed in Table 2 (further values are summarized in the ESI ‡). These impulses were compared with the calculated impulses of ammonium perchlorate (AP) in an analogous composition. The chosen mixture with AP as an oxidizer provided a specific impulse of 261 s. All compounds show good properties, especially when calculated without binder. The value for the specific impulse of the 5,5′-azobistetrazolate salt 6e exceeds all others; for the neat compound it is calculated to 271 s, with an admixture of 10% aluminum as fuel 282 s could be achieved (see ESI ‡). For the nitrate and dinitramide salts 6b and 6d remarkable high specific impulses of 278 s were reached in compositions containing 85% oxidizer and 15% fuel. In composites containing oxidizer, fuel and binder the specific impulses decrease slightly. The best specific impulse is obtained for the dinitramide salt 6d with a calculated value of 275 s in a composite propellant consisting of 15% aluminum and 14% binder. However, also the specific impulses of the nitrate and perchlorate salts 6b and 6c with values of 270 (6b) and 272 s (6c) exceed the specific impulse of the standard optimized mixture of AP (261 s).
Conclusions
Based on the Michael addition of nitroform with acrylamide several energetic polynitro compounds with a positive oxygen balance were synthesized. Although several synthesis steps are needed for most compounds presented herein, only common commercially available chemicals are used and syntheses proceed in high yields. All compounds were comprehensively characterized. Several salts containing the 3,3,3-trinitropropylammonium cation were investigated in terms of their energetic properties. Excellent detonation parameters were found for the 3,3,3-trinitropropylammonium dinitramide 6d with a detonation velocity of 9282 m s −1 and a detonation pressure of 372 kbar. These values are significantly higher than those of TNT, RDX, and PETN. 21 With respect to an application as high-energy dense oxidizer in h Specific impulse for compositions with 71% oxidizer/compound, 15% aluminum, and 14% binder (6% polybutadiene acrylic acid, 6% polybutadiene acrylonitrile and 2% bisphenol A ether) (70.0 bar chamber pressure, isobaric combustion conditions (1 bar), equilibrium expansion).
composite solid rocket propellants, the best value was obtained for the corresponding 5,5′-bisazotetrazolate salt 6e; in a mixture comprised of 90% oxidizer and 10% fuel a calculated specific impulse of 282 s was reached. In composites consisting of oxidizer, fuel and binder best values were obtained for the nitrate salt 6b (270 s), the perchlorate salt 6c (272 s) and the dinitramide salt 6d (275 s). All of these exceed the specific impulse of AP in a similar composition (261 s). However, the perchlorate salt 6c, the dinitramide salt 6d, and the 5,5′-bisazotetrazolate salt 6e show low thermal stabilities and/or high sensitivities to external stimuli, and therefore likely will be less considered for practical use.
Experimental section
General information
Chemicals were used as supplied (Sigma-Aldrich, Fluka, Acros Organics). Raman spectra were recorded in a glass tube with a Bruker MultiRAM FT-Raman spectrometer with Nd:YAG laser excitation up to 1000 mW (at 1064 nm) in the range between 400 and 4000 cm −1 . Infrared spectra were measured with a Perkin-Elmer Spectrum BX-FTIR spectrometer equipped with a Smiths DuraSamplIR II ATR device. All spectra were recorded at ambient (20°C) temperature. NMR spectra were recorded with JEOL Eclipse 400 instrument and Bruker AV400 and chemical shifts were determined with respect to external standards Me 4 Si ( 
X-ray crystallography
The low-temperature single-crystal X-ray diffraction of compounds 1, 2, 4, 6a, 6b, 6d, and 8 were performed on an Oxford XCalibur3 diffractometer equipped with a Spellman generator (voltage 50 kV, current 40 mA) and a Kappa CCD detector operating with MoKα radiation (λ = 0.7107 Å). Data collection was performed using the CRYSALIS CCD software. 22 The data reduction was carried out using the CRYSALIS RED software. 23 The solution of the structure was performed by direct methods (SIR97) 24 and refined by full-matrix least-squares on F 2 (SHELXL) 25 implemented in the WINGX software package 26 and finally checked with the PLATON software. 27 All non-hydrogen atoms were refined anisotropically. The hydrogen atom positions were located in a difference Fourier map. ORTEP plots are shown with thermal ellipsoids at the 50% probability level. Crystallographic data (excluding structure factors) for the structures reported in this paper have been deposited at the Cambridge Crystallographic Data Centre 1506284-1506290 (1, 2, 4, 6a, 6b, 6d, and 8). Additional crystallographic data and structure refinement parameters are listed in the ESI. ‡
Computational details
All ab initio calculations were carried out using the program package Gaussian 09 (Rev. A.03) 28 and visualized by GaussView 5.08. 29 The initial geometries of the structures were taken from the corresponding experimentally determined crystal structures. Structure optimizations and frequency analyses were performed with Becke's B3 three parameter hybrid functional using the LYP correlation functional (B3LYP). For C, H, N and O a correlation consistent polarized double-ξ basis set was used (cc-pVDZ). The structures were optimized with symmetry constraints and the energy is corrected with the zero point vibrational energy. 30 The enthalpies (H) and free energies (G)
were calculated using the complete basis set (CBS) method in order to obtain accurate values. The CBS models use the known asymptotic convergence of pair natural orbital expressions to extrapolate from calculations using a finite basis set to the estimated complete basis set limit. CBS-4 starts with a HF/3-21G(d) geometry optimization, which is the initial guess for the following SCF calculation as a base energy and a final MP2/6-31+G calculation with a CBS extrapolation to correct the energy in second order. The used CBS-4 M method additionally implements a MP4(SDQ)/6-31+(d,p) calculation to approximate higher order contributions and also includes some additional empirical corrections. 31 The enthalpies of the gas-phase species were estimated according to the atomization energy method. 32 The liquid (solid) state energies of formation ðΔH°f Þ were estimated by subtracting the gas-phase enthalpies with the corresponding enthalpy of vaporization (sublimation) obtained by Trouton's rule. 33 All calculations affecting the detonation parameters were carried out using the program package EXPLO5 V6.02 (EOS BKWG-S). 20 The detonation parameters were calculated at the Chapman-Jouguet (CJ) point with the aid of the steady-state detonation model using a modified BeckerKistiakowski-Wilson equation of state for modeling the system. The CJ point is found from the Hugoniot curve of the system by its first derivative. The specific impulses I sp were also calculated with the program package EXPLO5 V6.02 program, assuming an isobaric combustion of a composition of an oxidizer, aluminum as fuel, 6% polybutadiene acrylic acid, 6% polybutadiene acrylonitrile as binder and 2% bisphenol A as epoxy curing agent. 20a A chamber pressure of 70.0 bar, an initial temperature of 3300 K and an ambient pressure of 1.0 bar with equilibrium expansion conditions were estimated for the calculations.
Synthesis
CAUTION! All prepared compounds are energetic materials with sensitivity towards heat, impact, and friction. No hazards occurred during the preparation and manipulation. However, additional proper protective precautions (face shield, leather coat, earthened equipment and shoes, Kevlar® gloves, and ear plugs) should be used when undertaking work with these compounds.
4,4,4-Trinitrobutanamide (1)
An aqueous solution of nitroform (30%, 22.6 g, 45 mmol) was cooled in an ice-bath and acrylamide (3.2 g, 45 mmol) was added. The mixture was stirred 10 minutes at this temperature and 5 h at ambient temperature. Friction tester: 324 N (grain size 250-500 μm). ESD: >0.5 J (grain size 250-500 μm).
4,4,4-Trinitrobutanoyl chloride (3)
Method A A mixture of 4,4,4-trinitrobutanoic acid (2) (6.7 g, 30.0 mmol) and thionyl chloride (16.7 mL, 200 mol) was stirred at room temperature for one hour. After this the reaction mixture was refluxed for 24 hours under exclusion of moisture. The excess of thionyl chloride was removed and the remaining oil was distilled (bp. 65°C, 0.7 mbar) yielding 4,4,4-trinitrobutanoyl chloride as colourless pure product (88%).
Method B
Oxalyl chloride (326 mg, 2.6 mmol) and a catalytical amount of DMF were added to a suspension of 4,4,4-trinitrobutanoic acid (2) (500 mg, 2.2 mmol) in chloroform (10 mL). The reaction mixture was stirred under exclusion of moisture at ambient temperature for 40 min and was refluxed for 3 h. 
4,4,4-Trinitrobutanoyl azide (4)
To a solution of sodium azide (0.31 g, 4.8 mmol) in water (2 mL) a solution of 4,4,4-trinitrobutanoyl chloride (3) (0.59 g, 2.4 mmol) in acetone (1 mL) was added slowly at 4°C. After the addition the solution was stirred at 0°C for two hours. The reaction mixture was extracted with chloroform (3 × 20 mL). The combined organic phases were washed with ice-water (20 mL), an ice-cold sodium bisulfate solution (5%, 20 mL), ice-water (2 × 20 mL) and brine (20 mL). The extracts were dried over magnesium sulfate and the organic solvent was removed at temperatures below 20°C. The remaining oil solidified in the refrigerator over-night and 4,4,4-trinitrobutanoyl azide (4) To a solution of sodium azide (0.31 g, 4.8 mmol) in water (2 mL) a solution of 4,4,4-trinitrobutanoyl chloride (3) (0.59 g, 2.4 mmol) in acetone (1 mL) was added slowly at 4°C. After the addition the solution was stirred at 0°C for two hours. The reaction mixture was extracted with chloroform (3 × 20 mL). The combined organic phases were washed with ice-water (20 mL), an ice-cold sodium bisulfate solution (5%, 20 mL), ice-water (2 × 20 mL) and brine (20 mL). The extracts were dried over magnesium sulfate. The solution was slowly heated up to 55°C and kept at this temperature until no more nitrogen evolved (2 h). The organic solvent was removed to obtain 1,1,1-trinitropropan-3-isocyanate (5) as colourless liquid in 68% yield. Raman (500 mW): ν = 2953 (70), 2156 (13) To a solution of 3,3,3-trinitropropyl-1-ammonium chloride (6a) (350 mg, 1.5 mmol) in water (10 mL) was added at 0°C under exclusion of light a solution of silver dinitramide (320 mg, 1.5 mmol) in water (10 mL). The reaction mixture was stirred 1.5 h at 0°C. The precipitated silver chloride was filtered off, washed with cold water and the filtrate was evaporated to dryness. 3,3,3-Trinitropropyl-1-ammonium dinitramide (6d) was obtained as colourless solid in 96% yield. DSC (5°C min 
